Abstract The bio-geographical significance of Rhododendron ponticum spp. baeticum (Ericaceae) as a relict species is well recognized. However, out of its native habitat it is an invasive exotic considered a major threat to natural ecosystems in areas of Atlantic Western Europe. The studies on the impact of Rhododendron influence on soil organic matter composition and associated ecological implications, i.e. presence of bioactive compounds with ecological significance, are limited. This work describes the soil lipid assemblage in three sites under Rhododendron stands and adjacent sites with deciduous oak (Quercus canariensis), both in their native habitats in Southern Spain (Sierra de Luna, Cádiz). The results are discussed in terms of organic matter dynamics and the presence of molecules that may be associated with Rhododendron invasive success. The soils are acid Xerochrepts formed on siliceous sands. Composite soil samples were taken at two depths (0-10 cm and 10-20 cm) and soxhlet extracted with a dichloromethanemethanol mixture (3:1). Soil lipid assemblage was studied by GC/MS after fractionation and appropriate derivatization of extracts. The qualitative chemical composition of soil extractable lipids under Rhododendron is reported here for the first time. Our results show that soil n-alkane and fatty acid distributions are compatible with an input from plant epicuticular waxes, as well as with the occurrence of selective preservation of long-chain fatty acids with depth. The pattern of short-chain n-alkanes found in surface samples indicates an anthropogenic contamination threat from nearby industrialized areas of ''Campo de Gibraltar''. The presence of branched iso and anteiso C 15 and C 17 , b-hydroxy fatty acids and the sterol brassicasterol points to high microbial soil activity. Finally, the pentacyclic triterpenes taraxerone and taraxerol were detected in soils with Rhododendron but not with Quercus. These are known bioactive plant compounds and could be related with the effectiveness of Rhododendron as an invasive exotic species.
Introduction
Rhododendron ponticum L. ssp. baeticum (Boissier & Reuter) Handel-Mazzetti is a relict of the Tertiary forest that persists in the riparian and moister habitats, in Southwest Spain and Southern and central Portugal. At the same time, it is an aggressive invader of temperate deciduous forests, in Western and central Europe, where it can displace other plant species (Cross 1981; Mitchell et al. 1998; Milne and Abbott 2000; Travis 2003 ) being considered a major threat to natural ecosystems in the British islands (Erfmeier and Bruelheide 2004 and references therein) .
The study of Rhododendron in its native habitat is therefore relevant for the conservation of plant communities subjected to invasion worldwide, as well as to provide information about how invasive species affect their new habitats. The factors determining area limitation and ecological constraints restricting Rhododendron ponticum expansion has been recently reported (Mejías et al. 2007 ). Among these factors, the potential influence of the soil features was considered at a global scale. However, the influence of soil organic matter (SOM) characteristics, key factor in the maintenance of soil health (Arias et al. 2005) , has not been studied in depth.
Among the different SOM fractions, it is recognized that lipids play a key role in important biogeochemical soil processes, and also in the relationship between plants and their ecological environments (Amblès et al. 1989; Farrimond and Flanagan 1996; Bull et al. 2000; Quenea et al. 2004; Jandl et al. 2007 ). This is relevant for this study, since a frequent observation in temperate forests invaded by Rhododendron is the accumulation of plant litter on the soil surface. The high content of secondary compounds in their leaves, deterring herbivores, can contribute to its invading success, but this may also cause allelopathic effects on soil biota, and in turn exert modifications to SOM status (Balsdon et al. 1995) .
This work describes the results of a comparative study of the soil lipid composition under Rhododendron stands, and under adjacent sites with deciduous oak, Quercus canariensis Willd, in Southern Spain (Sierra de Luna, Cádiz). The lipid signatures were studied by GC/MS in different fractions of soil extractable lipids after fractionation and appropriate derivatization. The qualitative chemical composition of soil extractable lipids under Rhododendron is reported here for the first time.
Experimental

Study area
The distribution of Rhododendron ponticum in the Western Mediterranean is concentrated in Southern Spain (mainly on the Aljibe Mountains) and Southern and Western Portugal (Fig. 1) . The Aljibe Mountains, where this species is most abundant, was chosen as the study area. It is located at the Southern tip of the Iberian Peninsula and occupies the Northern side of the Strait of Gibraltar (Fig. 1) . The area is also close to ''Campo de Gibraltar'' a heavy industrialized area and a potential source of air-borne contamination (González-Gallero et al. 2006) . The soil is a Xerocherpt formed on sandstone with acidic dark humus-rich (mull type) A horizon (CEBAC 1963) . Three well-differentiated sites were chosen for this study: site 1, Quercus canariensis forest with clearly distinguishable influence zones of Quercus (Q1) and Rhododendron (R1); site 2, autochtonous ecosystem known as ''Canutos'', where Quercus (Q2) and Rhododendron (R2) coexist, and site 3, Rhododendron ponticum forest (R3). After removing the soil litter layer, composite samples were made by combining five to six sub-samples taken within an area of c. 20 m 2 at two depths in the A horizon of the soil (A: 0-10 cm and B: 10-20 cm) The samples were then transported in glass containers, dried at room temperature and sieved to fine earth (\2 mm). Georeferences of the three sampling sites and codes of the soil samples are shown in Table 1 .
Physical, chemical and biological analyses
Total carbon and nitrogen content, organic matter and pH were measured following the methods described by Hernández and Pastor (1989) . Substrate-induced respiration (SIR) (ISO standard 14240-1:1997) was determined as the CO 2 released by aerobic organisms, notably microorganisms, using an infrared detector (1440 Gas Analyser, Servomex). Viable counts were determined after plating on Triptone Soy Agar (1:10 w/v) (bacteria) and Sabouraud Agar (fungi). Culture media were purchased from Oxoid Ltd, UK.
Lipid isolation and compositional study Soil samples (10 g) were Soxhlet extracted with a dichloromethane-methanol (3:1) mixture for 48 h. Total extracts were saponified with 0.5 mol/L of KOH/methanol for 2 h under reflux. Neutral lipids were isolated by extraction with n-hexane, and acidic lipids isolated with dichloromethane after acidification to pH \1. The acidic lipids and polar fractions were methylated with trimethylsilyldiazomethane (Hashimoto et al. 1981) , and silylated with N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) before analysis using a gas chromatograph (GC; Hewlett-Packard 5730A) coupled to a mass spectrometer (MS; Hewlett-Packard GCD). Separation of acidic and neutral compounds was achieved using a SE-52 fused silica capillary column (30 m 9 0.32 mm i.d., film thickness of 0.25 lm). The column oven temperature was programmed to increase from 40 to 100°C at 30°C min -1 and then to 300°C at 6°C min -1 . Helium was used as carrier gas at a flow rate of 1.5 mL min -1 . Mass spectra were measured at 70 eV ionizing energy. Individual compounds were identified by inspecting mass fragments, by key real-time single ion monitoring for different homologous lipid series, by lowresolution mass spectrometry and by comparison with published mass spectra libraries (NIST and Wiley libraries).
Total lipid contents were gravimetrically determined and referred to as percentages of soil. Most biomarkers series occurred in very low concentrations in the lipid subfractions and hence absolute concentrations were subject to considerable inaccuracies. Therefore, compound abundance was assessed using single ion monitoring traces on a semi-quantitative basis, assuming that a constant relationship exists between the reconstructed ion current response and the amount of a molecule in the corresponding sub-fraction. Relative abundance for each peak within a series was calculated as a percentage of the total chromatographic area. This was applied to all samples and valid for comparative purposes. Results and discussion
Chemical and biological analyses
Variations in chemical and biological characteristics were observed in all samples (Table 2 ). In general, highest viable counts (bacteria and fungi) correspond to soil surface samples (A) and this was positively correlated with organic matter (OM) content. No appreciable differences were observed in the samples taken from the deeper layer (B). In all the soils, a homogenous microflora was observed, with predominance of Gram-positive rod-shaped bacteria. In addition, lowest bacterial and fungi counts corresponded to sampling site 2 in Canuto area, where Rhododendron and Quercus coexists (R1 and Q2) and site 1 under Quercus forest influence (Q1), respectively. In general, the various soil samples showed high OM values and low pH, as corresponds to this Mediterranean brown forest earth. The soils located at the Canutos (R2, Q2) were particularly rich in OM since the topographic and hydromorphic conditions are especially favourable for OM accumulation. On the other hand, the OM content decreases in the lower layers.
Study of soil lipids by GC-MS
As expected, the lipid percentages (Table 2) show similar trends than those described for total OM being noticeable the high values of samples R2 and Q2. Again the soils under Quercus presented divergence depending on the sampling site. The distribution between neutral and acid fraction was not homogeneous (neither among soils, nor between surface or subsoil samples). Thus, in soils under Quercus the neutral fractions were lower than the acid ones, whereas in soils under Rhododendron the contrary trend was observed.
More than one hundred compounds were separated and identified by GC/MS in the soil lipid fraction, mainly alkanes, alcohols and fatty acids, which were accompanied by alkan-2-ones (ketones) and a large number of cyclic compounds: monoterpenes, sesquiterpenes, diterpenes, triterpenes and sterols. The distribution of the n-alkanes (m/z 85), fatty acid methyl esters (m/z 74) and n-alkanols (m/z 69) series from the different samples studied is shown in Fig. 2a-c , respectively. Relevant biogeochemical values and ratios relative to these and other homologous series are shown in Table 3 .
A homologous series of C 15 -C 31 n-alkanes showing a bimodal distribution with maxima at C 19 or C 21 and C 27 or C 29 and a clear odd/even predominance was observed in all the samples (Fig. 2a) . The dominant long-chain ([C 27 ) alkanes with a strong odd-even predominance are usually ascribed to epicuticular waxes and protective layers on vascular plants and commonly observed in lipid extracts from terrestrial vegetation, including Ericaceae and topsoils (Salasoo 1987; Amblès et al. 1989; Jambu et al. 1991) . A higher predominance of long-chain homologues was observed in the subsoil under Rhododendron (R1B, R2B and R3B). Low molecular weight homologues (\C 20 ) are more abundant in the top layer of the soil samples, and in all instances, the index [C 20 /\C 20 increased with depth especially in samples Q1, Q2 and R2. The n-alkane C 31 /C 17 ratio, previously used to estimate the contribution of autochthonous vs allocthonous OM (Schwark et al. 2002) , also increased with depth but in sample R1 (Table 3) . These results may indicate the occurrence of a selective preservation in depth of high OM organic matter, SIR substrate-induced respiration molecular weight homologous that are components of epicuticular plant waxes in the mull type humus (Hatcher and Spiker 1988; Hempfling and Schulten 1989) , or more likely an air-borne source of contamination of short-chain homologous in the topsoil (Lichtfouse et al. 1997 ) from near-by industrialized areas.
n-alkanes Fig. 2 Distributions of a n-alkanes b n-fatty acids c n-alkanols (normalized to the most abundant homologue within each trace) Environ Chem Lett (2011) 9:453-464 457 Regular isoprenoids phytane (Ph) and pristane (Pr) were detected, most probably arising from the phytol side chain of chlorophyll, although chromans and/or tocopherols have been suggested to be additional potential sources (Ten Haven et al. 1987; Li et al. 1995) . Phytol (C 20 isoprenoid alcohol) was detected together with the n-alkanols series (Table 3) . Phytol is perhaps the most studied biomarker, but the multiplicity of sources and the variety of n-fatty acids C 16 and C 22 (Fig. 2b) . The patterns observed were similar to those typical of soils rich in long-chain fatty acids ([C 22 ) originating from plant waxes (Almendros et al. 1996) . The ratio C[ 20 /C\ 20 increased in the deeper layers which may indicate a selective preservation of long-chain fatty acids with depth. It is known that Ericaceae species produces antimicrobial, enzyme-inhibiting products (Tasdemir et al. 2004 ) that could also contribute to this phenomenon by inhibiting microbial activity in depth. Alternatively, a microbial synthesis of short-chain homologues in the uppermost part of the soils could also add to the differential distribution observed. In fact, the first series Pr pristane, Ph phytane peaking at C 16 are likely to derive from soil microorganisms (Lichtfouse et al. 1995) , reflecting a high biological activity in the top layer of the soil. In all the samples, branched iso and anteiso C 15 and C 17 and b-hydroxy fatty acids indicative of microbial activity were found (Table 3) . The relative abundance of these compounds decreased with depth in samples Q1 and R3 and increased in the other samples. In addition, monounsaturated C 16 and C 18 acids and some polyunsaturated fatty acids (C 18:2 and C 18:3 ), derived largely from autochthonous algae but also from higher plants (Canuel et al. 1997) , were also detected (Table 3) . Normal alcohols (n-alkanols) occurred in the range C 12 -C 30 with a strong even-to-odd carbon number Table 4) Environ Chem Lett (2011) 9:453-464 461 predominance and maxima at C 22 (Fig. 2c) , similar to that previously reported for soils (Bull et al. 2000) . In general, homologues C\ 20 were more abundant in the deeper layers. Also branched alcohols (C 15 -C 26 ) were found, being more abundant in the topsoil. Likewise a series of n-alkan-2-ols (C 14 -C 26 ) were identified (Table 3) . A homologous series of alkan-2-ones in the range C 14 -C 24 was found in all the soil samples studied. The molecular distribution showed a predominance of even numbered carbon chain-lengths with a maximum at C 22 . Similar distributions have been found in a wide variety of terrestrial and aquatic depositional environments characterised by higher plant or microbial OM inputs (Jaffé et al. 1995; Hernández et al. 2001 and references therein) . A well-resolved pattern of sterols and terpenoids was found in the soil samples ( Fig. 3; Table 4 ). These compounds are considered valuable biomarkers for plant species. All of them were unequivocally identified by their mass spectra. Some of them were similar to those previously found (Balsdon et al. 1995; Ageta and Ageta 1984; Nakamura et al. 1965) . Likewise, the main sterol components were reported to build up the steryl esters (sitosteryl acetate, stigmasteryl acetate) identified in Rhododendron species (Evans et al. 1975) . Among these compounds, the sterol b-sitosterol [6] and the triterpenes a-amyrin [9] and friedelin [16] were the most abundant. These compounds have been also previously reported as constituents of Quercus and Rhododendron species (Chandler and Hooper 1979) . [2], a 28 C atoms sterol, was also present in the sterol assemblage, being a typical marker for microalgae (Volkman 1986) although this is also produced by higher plants. The pentacyclic triterpenes taraxerone [5] taraxenone (friedoolean-14-en-3-one) and taraxerol (friedoolean-14-en-3b-ol) [8] were detected only in soils under Rhododendron (Table 4 ; Fig. 3 ). These pentacyclic triterpenes has been previously found in Ericaceae plant material and in soils under this plant family (Van Smeerdijk and Boon 1987; Nierop et al. 2001; Naafs et al. 2004; Jansen et al. 2007 ). In addition, taraxenone and taraxerol are known bioactive plant constituents having insecticidal (Williams 1999 ), antimicrobial (Aguilar-Guadarrama et al. 2009 ), phytotoxic and root growth inhibitory (Macías-Rubalcava et al. 2007) activities. Therefore, these terpenes could be acting as chemical defences conferring ecological advantage to Rhododendron establishment and may be related with the effectiveness of Rhododendron as an invasive exotic species.
Conclusion
There were apparent compositional differences between lipids extracted from soils under different vegetation covers, as well as with soil depth. Although the study of fresh plant material is not included in this study, the conspicuous distribution for n-alkanes found, with a bimodal distribution and odd/even predominance, is compatible with inputs from epicuticular waxes and protective layers of vascular plants. The unexpected high values of low molecular weight homologues (\C 20 ) in the top layer of the soil samples reflect an exogenous contamination source. The possibility of deposition on the soil surface of air-borne particulate materials or soot from the nearby heavily industrialized areas can't be ruled out. In fact, it has been found that short-chain n-alkanes from soils, diesel fuel, diesel automobile exhaust and petroleum products exhibit similar C stable isotope distributions, suggesting that such alkane distribution may represent a non-point source pollution of ancient hydrocarbons (Lichtfouse et al. 1995) . On the other hand, the higher accumulation of high molecular weight homologues [C 20 in deeper layers could be justified by the preservation of epicuticular waxes in depth. The fatty acids, that also presented a bimodal distribution, reveal in the same way a selective preservation of long-chain fatty acids with depth and an active microbial population. Indications of high microbial activity are also pointed by the presence of branched iso and anteiso C 15 and C 17 and b-hydroxy fatty acids and sterols. Data refer to Fig. 3 n.i., no detected
The presence and abundance of sterol and terpenoid bioactive structures found within the soil lipid assemblage, and specifically the presence of taraxerone and taraxerol under Rhododendron stands may be related with the effectiveness of Rhododendron as an invasive exotic species with terpenes playing a multifunctional role as allelochemicals able to influence the behaviour or growth of competing species in different ways.
